Peace-of-Mind Series Hybrid Electric Vehicle Drivetrain : Transfer Thesis (MPhil/PhD) by Doerffel, Dennis
 
 
 
 
 
 
 
 
 
 
Peace-of-Mind 
Series Hybrid Electric Vehicle Drivetrain 
 
 
   
 
               
 
 
                
            
 
 
Abstract 
 
                                                                 o       o  o   o   
              o       o                  o                                  o        o   
                     o          o       o             o                          o        
             o                   o           o                     o                   o  
              o o         o       
 
•   o          o        o   o  o              o                    o       o   
•      o         o   o                                
•   o       o           o          o                      o    o        o    
•                                                             
•                                                                      o o           
    o      o                   
•       o       o o                   o                              o o     
                                   o      o             
•                         o     o      o                 o                
     o o    
•     o                            
 
                                       o                             o         o            
 o         o            o o    o         o                              
 
             o                          o        o               o      o              
      o                         o              o o                                         o  
     o                    o     
 
                                           o                         o    o       
  o                 o                                      o     o     o     o        
                         o                                                      
              o           o               
 
                                            o          o                                
          o                                               o                 
 
             o                                   o o                  o                        
        o       o           o        o       o  o     o     o                        
    o                                         o              o                      
                      o                               o                                  
                                o                               o     
 
            o                     o    o          o                        o       
                                    o       o              o                o   o    
                                 o                  o                             o    
  
 
 
Table of Contents 
ABSTRACT..................................................................................................................0 
TABLE OF CONTENTS ............................................................................................2 
ACKNOWLEDGEMENTS ........................................................................................4 
INTRODUCTION........................................................................................................5 
                                                                                                      
                                                                                                          
                                                                                                 
2.  REVIEW OF STATE OF THE ART AND FUTURE TRENDS ....................9 
                                                                                                  
2.1.1  Energy Sources Now and in Future.....................................................10 
2.1.2  The Paths for Energy Sources for Individual Transportation.............14 
                                                                                                   
                                                                                               
2.3.1  The Conventional Car and Possible Improvements.............................19 
2.3.2  The Battery Electric Vehicle (BEV).....................................................21 
2.3.3  Fuel Cell Electric Vehicles (FCEV).....................................................21 
2.3.4  Hybrid Electric Vehicles (HEV)...........................................................22 
2.3.5  Conclusion of the Drive Train Review.................................................23 
                                                                                     
2.4.1  Terminology.........................................................................................24 
2.4.2  The Charging of Batteries....................................................................26 
                                                                                                     
2.5.1  Equalization Methods..........................................................................29 
2.5.2  Topology of Equalizer..........................................................................31 
2.5.3  Equalizer for Li-Ion Batteries..............................................................33 
3.  PRELIMINARY TEST OF THE LI-ION BATTERY...................................35 
                                                                                            
                                                                                         
                                                                                           
3.3.1  Determination of Open Circuit Voltage...............................................37 
3.3.2  Determination of Internal Resistance..................................................40 
3.3.3  Characterization of the Battery ...........................................................42 
3.3.4  Improved Battery Model Based on the Dynamic Behaviour ...............46 
3.3.5  Experimental Determination of Model Parameters.............................48 
4.  PROPOSAL FOR A HYBRID ELECTRIC VEHICLE DRIVETRAIN.....52 
                                                                                                              
                                                                                       
                                                                                     
                                                                                           
4.4.1  Description of the Simulation Package................................................61 
4.4.2  Simulation Model for the Proposed Drivetrain...................................65 
4.4.3  Simulation Results for the Proposed Drivetrain..................................67  
 
 
                                                                                                
                                                                                        
5.  DRIVETRAIN MANAGEMENT REQUIREMENTS...................................80 
                                                                         
                                                                            
                                                                               
6.  DESCRIPTION OF THE HARDWARE.........................................................87 
                                                                                   
                                                                         
                                                                                                              
                                                                                                                  
                                                                                                     
                                                                                                
                                                                                                        
7.  REAL-DRIVING RESULTS..........................................................................109 
8.  FUTURE WORK.............................................................................................111 
9.  CONCLUSIONS..............................................................................................114 
10.  REFERENCES.............................................................................................115 
APPENDIX A: BATTERY TEST PROGRAM 
APPENDIX B: PUBLICATION 
APPENDIX C: MATLAB MODEL FILES FOR ADVISOR 
  
 
 
Acknowledgements 
     o  o       o      o                     o         o                         o     
  o         o          o        
 
                              o        o      o                         
              o        o           
               o                                 o                            o     
 o                            o       o              
              o                                                                     
    o    
                      o         o o   o       o                             
         o o       o  o                   o    
    o                   o   o           o             o            o        
       
                        o                  o              o           o               
   o   o                    o     o      o                o                 
                 o    o        o         o   o o     o   o                       
 o    
                                     o                        o                    o  
   o            o               o                                            
    o      o          o                    o            o                   o     o  
         o                 o         o   oo                                 
 o o   o   o      o        o o      
                                         o                              o        
           o                            o                                      
                       oo  o                        o                    
    o       o      o                                    o     o                        
  o      
                       o          o            o    
                          o       o                    o    o       o    o     o     
                  o                            o        
                                         o                   o        o     
  o        o       
         o              o                 o                       o     o       
 o             o     
                    o                    o      o      o  o                     
  o     o   
 
  
 
 
Introduction 
1.1  Context of the investigation 
                      o           o       o                      o     o         
                   o                o                                             
 o         o         o                    o                            o          o       
    o        o       o           o              o             o      o             
          o      o                 o     o     o                       o    o     
                       o                                      o           o       
        o       o              o                  o              o         o       
 o    o                                                  o        o                
            o          
 
                         o                                      o     o               
      o         o        o    o   o                        o      o           o        
o       o     o   o        o   o     o                   o          o      o                
 o                                                            o                    o  
o   o             o                                                     o     o           
o                                      o       o                o                o    o    
                       o                                  o         o                    
                       o                                          o              o  
   o                                        o     o      o          
 
    o        o                 o      o                                                 
            o                   o     o   o                 o o   o                   o   
 o                                  o                                                        
                                o               o                              o     
 o              o                                                          o   o  
                    o        o                                                o           
             o      o                   o o            o     o       o                
          o o                        o                           o      o    o       
        o                        o                              o               o   
                          o                                   o                     
                      o     o  o            o                         o      o    
                                   
 
          o                    o      o o                                          
 o                       oo           o                o                                o  
  o                      o    o               o                                       
                     o                o                     o                 o       
      o       o               o               o                   o                  
     o                          o                          o      o                    
                              o                         o               o         o           
                                        o                                o         o  
             o              o                              o     o         
  
 
 
          o                                       o   o          o                     
              o o       o                       o          o                             
 o                              o       o       o        o                         
  o                o     o    o          o            o                                  
   o           o                                                  o   o                
              o        o             o                      o                            
                                           o                       o o      o         
   o                   o     o   o         o  o          o      o   o             
o            o                   o   o                                                 
 o         o o               o      o     o    o                    o   o            o   
     o       o   
1.2  Aims of the Investigation 
       o                            o                                       o           
                                o                o o       o                      
o        o      o           o                      o                   o         
        o    
 
                                          o                  o        o     o     
         
 
•             o                 o     o  
•            o o           o        o   
•                  o      o          o   
•                                 
•            o o             o                            
•      o                             
 
                       o                                             o       o     
    o   o                      o            o    o                                 o   
                  o                 o     o                 o                              oo 
                                    o          o        o                         
                                          o                             o   o          
 o  o             o         o            o             oo       o    o             o       
                    o                                            o   o o               
o         
 
                                                               o                oo       o   
                  o  o       oo      o       o        o                                
 o       o                     o                
 
        o         o                                                                   
            o            o     o         o          o                         
    o             o                  o                        o            o       
     o         o                                        o        o          o    
       o         o     
      o     o             o     o              o                       o o       
       o         o    o     
 
 
                          o    o           o                                    
                  o    o                          o   o                 o    
        o       o          o                           o          o         
                                                                         o o    
                                                   o                       
o          o        o    
 
                     o             o                  o    o                  o  o     
 o        o                 o                                               o        
 o                o       o                         o                       o      
                                                   o                                
                o              o                               oo    o                      
                 o                o        o          
1.3  Research Outline and Structure 
                   o                              o         o                          
      o           oo               o o        o              o o               o    
     o o            o      o                                            o            
   o      o                             o                     o                  o   
                                       o             o             oo   o                
           o        o                              o                        o   o            
                   o                                  o                        o            
 o         o                o                                 o             o         
                      o                      o             o   o      o           o  
                                             o   o                     o   o     o     
 o                 o    o                                o    
 
                                   o      o                                      o      o  
                  o                  o   o                    o             o             
         o                          o        o                        o                     o  
              o  o        o       o                 o o       o   o                 o          
                      o                                                                o  
                o o                               
 
    o        o                  o o          o           o                             
 o        o            o o               o         o          o                     o  
                                       o  o                                        o    
 o                     o      o                     o        o   o                    
     o o                        o        o                       o   o                   
o       o                    o                     o                  o                      
             o      o                                                              o  
                                o      o            o                              
                       o               o   o                                         
 o          o           o                  o         o                  
 
  o                                              o                       o            
                                                                     o       o               
           o   o                                                                   o    o        
 
 
  o o                                                                                  
      o    o                            o     o          o                    o o        
    o       o   o  o                    o     o          o         o         o  
       o                           o                                         o             
                          o o         o          o   o                                
           o         o      o  o              o                     o                
   o   o       o                 o       o       o      o                           o       
 o              o         o              o         o         o          o                o  
 o  o                                  o             
 
 o                      o                                o           o          
       o                 o                                                              
                    o    o             o    o                                      
o       o                oo      o   o               o      o                               o 
                                   o          o o                                     o     
             o                                                      o                o      
                                                 o        o o                
 
                                              o       o      o                        
                     o                                                     o   o       
               o                            o                          o       o       
         o                                                                 o       
              o     o           o                    o           
 
                                       o    o             o    o                        
                
 
       o                                         o          o                      o    
o                                         o         o                   o            
                 o                o o        o                             o            
    o                      o        o      o                           o               
    o    o            
 
  
 
 
2.  Review of State of the Art and Future Trends 
                              o         o                                  o     o o        
                                         o                  o                   
                                   o           oo                     o     o          
          o              o                   o               o                    o   
     o            o                                o   o           o               o     o   
                 o      o   o                                 o o       o           
   o      o             o                                o   o                         
       o                      o    o        o                                           
o             o      o   o               
2.1  Energy and CO2 Considerations 
        o       o                o   o   o         o                         o     
                      o                         o  o                            o          
                                            o                       o                
 o                                     o     o o   o     o       o    o         
 o               o         o      
 
      o o                                    o           o                       
                   o        o       o                o                           o  
o                                                                   o           o      
 o   o   o                          o            o                    o            
                                                o              o       o        o     
         o         o                                                                      
 o                                             o           o   o     o                
 
               o       o                     o                    o          o     o      
    o        o       o           o              o                                 
    o        o o                      o     o    o         o                  o  
              o   o       
                o                o                             
            o               o                                          o  o        
                                                                 o                 o     
                             o                                                               
          o                        o           o                     o       o      
o                                     o    o                                          
                o         o                                  o                      
                                     o            o      o                          
o               o                                                     o           o           
o                  o               o   o        o                     o         o o 
           o                o              o            o    o                o     o  
o   o                            
 
    o                                     o     o                      o        o    
 o                                        o         o  o          o         o         
    o           o      o                                                                 
 
  
               o             o                   o                   o   o         o   
                    o      o                                    o    o              
           o  o                 o    
 
•                        o     o                 o           
•                           o                                               o   
                   o        
•   o          o  o    o  o      o       o         o   o          o           
 o                  o            
•                         o       o              
 
                 o                    o      o      o                                       
   o               o                           o                         o        o        
                   o          o        o                 o             o     o       
          o         o     o                              o                  o       o     
                      o      o                                o            o    
      o                            o  o             o    
2.1.1 Energy Sources Now and in Future 
      o                        o                                   o                    
                                        o      o        o    o                       
 o      o     o             o                       o    o                             
 o           o           o                         o   o                             
      o                   o                        o    o                     o  o    
     o   o                     o    o     o              o   o          o            
 
     o                          o    o               o                                     
                      o       
     o                               o    o                   o       o       
              o  o                                         o     o         
 o      o    o                             o         
 
     o      o                           
•    o      o      o o   
•    o        
•    o     
•   oo  
 
  o            oo           o        o            o        o                 o             
   o o        o                 o                    o                               
                          o                                      o    o        o      
o       o                            o  o       o                   o                          
           o       o     o o          o                o                      o      
                   o      o                 o      o                       o     o  
        o                             o    o        o                    o   o        
            o                                            o           o    o            
           
  
 
  
                           o                o                 o                        
                  o    o                                 o          o          o      o 
        o   o                      o       o                             o         o 
                o                 o            o           o               o                  
 o       o       o        o     o                  o          o                    
           o                                           o                              o 
  o     o    o                o    o          o           o                             
                  o             o                          o            o      o     
  o      o                        
 
         o      o            o    o              o             o                      
        o         o o                             o                             o           
     o      o       o           o          o                                o     
 o      o                      o                   o            o    o         o     
                                         o     o  o                        o         
            o       o    ⋅   
   
             o   o                  ⋅   
   
      o         o  
          o       o                                 o    o    o      o    o       
              oo  o     o                  o   o     o            o       o       
           o                  o                     o              o                 
         o             o          o                                          o    
             o                       o        o    o         o       o   o          
o                                 o       o     o            o                
   o          
        o    o                         o        o             o         o         
           o    o     o    o                                   o                   
              o     o                                      
          
                  
          
  o        o                  o     o                           o          
 o              o       o               o                                         
 o       o             o   oo    o     o            o                               
        o               o    o     o   o                    o                            
  o                           o                o     o                 o                
 o                  o       o          o    o      o    
 
       o       o               o                    o  o      o        o         o   
       ⋅   
   
              o                 o                    o       o  o   o     
                  o                      o      o                                   
 o          o      o                         o   o                      o        o   
 o    o   o              o                                                o     
  o     o    
 
  
Table 2-1: Comparison of Different Sustainable Energy Sources 
                     o            o          
 o     o     o     o                  
             o                                         
           o     o  
        
  
    ⋅   
        ⋅   
        ⋅   
        ⋅   
   
               o  
 o                
  
    ⋅   
       ⋅   
       ⋅   
       ⋅   
  
           o   o    
          
                            
    o  o                              
      o               
     
  
    ⋅   
        ⋅   
       ⋅   
       ⋅   
  
           o         
           
                          
                
             
  
                      
 
*1 [5] 
*2 [6] 
Photon: global radiation in Algeria: 2,000 kWh/(a⋅m
2) = 7.2 E15 J/akm
2 
Efficiency of solar electricity generation: 13 % 
Direct normal radiation in Algeria: 2,500 kWh/(a*m
2) = 9.0 E15 J/akm
2 
Efficiency of thermal solar power plants: 15 % (improvements expected) [6] 
World energy consumption: 3.3 E20 J/a, 
Ttotal world land area: 131 E6 km
2 of which only <42.1 E6 km
2 usable [5] 
U.K. facts (1989): 
Area excluding fresh water:  242 * 10
3 km
2 
Population – total:    57.4 * 10
6 
Energy consumption – total: 8.45 * 10
18 J/a 
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Figure 2-1: Requirements for the World Energy Supply with Solar Cells [6]  
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Figure 2-2: Charging of Three Old Battery Blocks in Series without Charge Equalization 
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Figure 2-3: Working Principle of a Dissipative Equalizer 
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Figure 2-4: Working Principle of Equalizing with Switched Reactors 
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Figure 2-5: Working Principle of Equalizing with Flying Capacitors 
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Figure 2-6: Isolated Distributing Equalizer Circuit [22] 
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Figure 2-8: Partly Centralized Equalizer with Interface 
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Figure 2-9: Modular Equalizer without Interface 
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Figure 3-1: Arrangement for Testing the Li-Ion Battery on the Digatron Tester 
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Figure 3-2: First Test-cycles of the Thunder Sky TS-LP 8582B 100Ah Li-Ion Cell 
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Figure 3-3: The Simple Battery Model 
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Figure 3-4: Cell Voltage Against SOC during Charging and Discharging with 33 A 
 
                 o                 o      o                o                      o     
        o                               o     o                                     
                  o      o                    o          o               o            
                o         o                                                    
                 o                                                                
                 o            o                                 o o                     
 o    o                                   o                o   o             o      
 o  o         o         o          o               o                             
                o   
            
 
              o                         o        o                                  
          o                                              o                               o       o 
                  o  o                                    o               
  
 
  
 
Figure 3-5: Cell Voltage Against SOC during Charging and Discharging with 100 A 
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Figure 3-6: Comparison of OCV Test Results  
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Figure 3-7: Internal Resistance and Temperature of the Battery During Charging and 
Discharging with 33 A 
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Figure 3-8: Internal Resistance and Temperature of the Battery During Charging and 
Discharging with 100 A  
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Figure 3-9: Maximum Discharge Power as a Function of SOC 
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Figure 3-10: Maximum Charging Power as a Function of SOC 
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Figure 3-11: Maximum Voltage Swung of One Cell 
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3.3.4 Improved Battery Model Based on the Dynamic Behaviour 
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Figure 3-12: Behaviour of the Cell Voltage when the 100A Discharging Current is Paused at 71% 
SOC 
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Figure 3-13: Improved Equivalent Circuit Model 
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3.3.5 Experimental Determination of Model Parameters 
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Figure 3-14: Comparison of OCV Obtained from Different Methods of Determination  
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Figure 3-15: Constant Voltage Rise or Drop with Long Time-Constant 
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Figure 3-16: Proposed Equivalent Circuit Model 
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Figure 3-17: Resistances of the Modified Battery Model 
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4.  Proposal for a Hybrid Electric Vehicle Drivetrain 
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4.3  First Approach to an “Optimal” Configuration 
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4.4.1 Description of the Simulation Package 
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Figure 4-1: First Page of ADVISOR 2002 
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Figure 4-2: Second Page of ADVISOR 2002 
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Figure 4-3: ADVISOR Page with Main Simulation Results 
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4.4.2 Simulation Model for the Proposed Drivetrain 
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4.4.3 Simulation Results for the Proposed Drivetrain 
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Figure 4-4: The European Urban ECE Driving Cycle 
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Figure 4-5: The Simulation Results for the ECE Test Cycle in Pure Electric Mode 
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Figure 4-6: Loss-Plot in Pure Electric Mode in ECE Driving Cycle 
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Figure 4-7: The European Extra Urban Driving Cycle EUDC 
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Figure 4-8: The Simulation Results for the EUDC Test Cycle in Pure Electric Mode 
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Figure 4-9: Loss-Plot in Pure Electric Mode in EUDC Driving Cycle 
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Figure 4-10: The Simulation Results for the EUDC Test Cycle in Hybrid Mode 
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Figure 4-11: The Agressive US06 Driving Cycle 
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Figure 4-12: Simulation Results for the US06 Driving Cycle 
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Figure 4-13: Trace Shortfalls During US06 Driving Cycle 
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Table 4-2: Simulation Results for the Proposed Drivetrain (PoM) in Comparison with Other 
Vehicles  
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Table 5-1: Management Strategy and Preferred Driving Style 
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5.2  Input and Output Variables of the Energy Management 
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Figure 5-2: Visualisation of the Energy Flow and Management 
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Table 5-2: Input and Output Variables to the Energy Management  
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6.  Description of the Hardware 
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Figure 6-1: Electrical Systems in the HEV 
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Figure 6-2: The Boot of the Research Vehicle 
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6.2  Hardware Structure of the Energy Management System 
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Figure 6-3: Energy Management and Charger in the Boot of the Vehicle 
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Figure 6-4: Connectors in the Back of the Energy Management 
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Figure 6-5: Connectors at the Back of the Energy Management in Detail 
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6.3  The Power Supply 
 
Figure 6-6: The Power Supply Module 
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Figure 6-7: The Power Supply Module Circuit 
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6.4  The Charger 
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Figure 6-8: The Charger Circuit Diagram 
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R4 = 390 Ω and R5 = 1.2 kΩ 
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Vout,min = 48V ≤ Vout ≤ 84V = Vout,max 
 
6.5  Cell-Voltage Observation 
        o                                o      o        o   o             o             
                       o                          o      o                   o   o   
   o     o                o          o                           o o                
                   o                                                o              
           o                                         o                      o      
             o                    o               o                                
      o                       o               o                  o        o        
       o            o   o   o             o         o                                    o 
 o   o      
 
 
 
Figure 6-9: Central Cell Voltage Measurement Module  
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Figure 6-10: Circuit of Cell Observation Module in Principle 
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Figure 6-11: Layout of the Cell Voltage Acquisition Module 
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Figure 6-12: Back of Cell Voltage Acquisition Module 
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6.6  The Micro-controller Module 
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Figure 6-13: The Micro Controller Module with DSP Board 
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Figure 6-14: Design of the Micro Controller Board 
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Figure 6-15: The Preliminary PIC Controller Card  
 
   
6.7  The Interface Module 
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Figure 6-16: The Interface Module 
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7.  Real-Driving Results 
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8.  Future Work 
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